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Neutron powder diffraction studies have been made for Dy~Cu12xNix)2Si2 with x 5 0, 0.06, and 0.1.
The diffraction patterns of DyCu2Si2 are consistent with the reported magnetic structure @k5~1/
2,0,1/2!#, the Ne´el temperature ~TN 5 10 K! and the Dy magnetic moment ~8.2 mB!. The diffraction
patterns of Dy~Cu0.94Ni0.06!2Si2 and Dy~Cu0.9Ni0.1!2Si2 are interpreted by the same commensurate
antiferromagnetic structures with k5~1/2,0,1/2!. The Ne´el temperatures of Dy~Cu0.94Ni0.06!2Si2 and
Dy~Cu0.9Ni0.1!2Si2 are determined to be 7.5 and 6.5 K, respectively. The magnetic moments are 6.5
mB/Dy in the Dy~Cu0.94Ni0.06!2Si2 and 6.0 mB/Dy in the Dy~Cu0.9Ni0.1!2Si2 . The magnetic moment
decreases as the Ni concentration increases, whereas the Dy moment determined by the Mo¨ssbauer
spectroscopy increases as x increases. There is a strong diffuse peak at the ~1/2 0 1/2! position of
Dy~Cu0.94Ni0.1!2Si2 which implies the existence of some kinds of short range ordering of Dy
moments. This fact suggests that the local crystalline electric field with lowered symmetry breaks
the perfect magnetic arrangement with k5~1/2,0,1/2! © 1997 American Institute of Physics.
@S0021-8979~97!54308-8#I. INTRODUCTION
Pseudoternary Dy~Cu12xNix!2Si2 (0<x<1) compounds
crystallize in a body-centered tetragonal ThCr2Si2-type struc-
ture. The magnetic moments are carried only by the Dy at-
oms In the DyCu2Si2 compound, the Dy moments are almost
in the c plane and take an antiferromagnetic structure with a
propagation vector k5~1/2,0,1/2!.1 On the other hand, in the
DyNi2Si2 compound, the Dy moments align along the c axis
and take an incommensurate sine-wave-type structure with
k5~1/26t,1/27t, 0! of t50.132 in the temperature range
between Tt and TN and a commensurate square-wave-type
structure with t50.125 at the temperature below Tt where
Tt,TN .2 Since their crystal structure is simple tetragonal
and the 3d-transition metal atoms carry no magnetic mo-
ments, these compounds are suitable to investigate the rela-
tion among the magnetic properties, the lattice parameters,
and the density of d electrons. From this point of view,
161Dy Mo¨ssbauer spectroscopy and high field magnetization
experiments were made for the compounds with x<0.15.3
These experiments showed that the averaged hyperfine field
at 161Dy nuclei increases with x , although the high field mag-
netization at 15 T decreases. According to the fact that the
Mo¨ssbauer spectra consist of the two or three subspectra in
the mixed compounds, this curious discrepancy has been in-
terpreted well by a local crystalline electric field ~CEF! dis-
turbance model, that is, the Ni substitution breaks the local
tetragonal symmetry and hence the ground states of Dy31
ions distribute depending on the local symmetry. As a result,
the local CEF with lowered symmetry brings forth the in-
crease of Dy moment on average, although the magnetization
does not saturate up to 15 T by the random magnetic anisot-
ropy In the present work, we have made the neutron powder
diffraction measurement on the compounds with x50, 0.06,
and 0.1 to investigate the interesting magnetic properties
mentioned above.J. Appl. Phys. 81 (8), 15 April 1997 0021-8979/97/81(8)/4189
Downloaded¬18¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subjeII. EXPERIMENT
Mixtures of Dy, Cu, and Ni with 99.9% purity and Si
with 99.999% purity were melted by a conventional argon
arc technique, followed by annealing at 900 °C for seven
days to improve the homogeneity of the compounds. The
crystal structures of the samples were confirmed by x-ray
diffraction to be the tetragonal ThCr2Si2 type as shown in
Fig. 1. Neutron powder diffraction measurements were car-
ried out at the KPD diffractometer installed at the thermal
neutron guide of the JRR-3M reactor at JAERI ~Tokai!. The
neutron wavelength l is 1.767 Å. The crystal and magnetic
structures are determined by the least mean square method
minimizing the reliability factors R5uSIcalc2Iobu2/uSIobu2.
FIG. 1. Crystal structure of the tetragonal ThCr2Si2 type.4189/3/$10.00 © 1997 American Institute of Physics
ct¬to¬AIP¬license¬or¬copyright;¬see¬http://jap.aip.org/jap/copyright.jsp
III. RESULTS AND DISCUSSION
Neutron diffraction patterns of DyCu2Si2 at 1.6 and 11.2
K are shown in Fig 2~a!. The diffraction pattern at 11.2 K
can be indexed by the lattice parameters of a53.951 Å and
c59.971 Å. The best fit of the nuclear integrated intensities
in the range between 2u520° and 90° yields the position
parameter z50.38760.003 and the temperature factor B50
with a reliability factor R58.3%. The nuclear scattering
lengths were taken as bDy516.9310213, bCu57.63310213,
and bSi54.15310213 cm.4 The superlattice peaks appeared
at 1.6 K are indexed with ~h/2 k l/2! and can be attributed to
antiferromagnetic ordering with a propagation vector k5~1/
2,0,1/2!. The best fit of the calculated intensities to observed
integrated intensities in the 2u range between 10° and 60°
gives the Dy magnetic moment m58.260.1 mB with
R55%, using the magnetic form factor of Dy31 calculated
by Lisher and Forsyth.5 The angle of the moment is about
78° from the c axis and 76° from the a axis in the c plane.
The temperature dependence of the peak intensity of the ~1/2
0 1/2! reflection, shown in Fig. 3, indicates a transition tem-
perature at 10 K. The results are in fair agreement with the
reported data except for the moment direction.1,6–10
The neutron diffraction patterns of Dy~Cu0.9Ni0.06!2Si2 at
15 and 1 4 K are shown in Fig 2~b!. The diffraction pattern at
15 K can be indexed by the lattice parameters a53.948 Å
and c59.932 Å. The z of Si and B were determined to be
0.38260.003 and 0, respectively, with R57.6% in the 2u
range between 20° and 90°. The nuclear scattering length of
Ni, bN , was taken as 10.3310218.4 The diffraction pattern at
1.4 K has the additional magnetic reflections with k5~1/2, 0,
1/2!. The Dy moment at 1.4 K was determined to be 6.560.2
mB with an angle of about 70° from the c axis and 80° from
the a axis in the c plane where R510.4% in the 2u range
between 10° and 45°. Observed and calculated intensities
thus obtained are shown in Table I. The temperature depen-
FIG. 2. Neutron diffraction patterns of ~a! DyCu2Si2 , ~b!
Dy~Cu0.94Ni0.06!2Si2 , and ~c! Dy~Cu0.9Ni0.1!2Si2 .4190 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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indicates that the antiferromagnetic order of the compound
disappears at 7.5 K. Neutron diffraction patterns at 8.6 and
1.5 K of Dy~Cu0.9Ni0.1!2Si2 are shown in Fig. 2~c!. The peak
indexes of the diffraction pattern at 8.6 K are also interpreted
by the ThCr2Si2 structure with the lattice parameters
a53.939 Å, c59.875 Å where the z of Si was determined to
be 0.38460.003 and B was also determined to be 0 with
R57.4% in the 2u range between 20° and 80°. The magnetic
peaks at 1.5 K are also indexed by k5~1/2,0,1/2!. The Dy
moment at 1.5 K was obtained to be 6.060.3 mB with
R513.5% in the 2u range between 10° and 45°. The mo-
ment makes an angle of 52° with the c axis and 70° with the
a axis in the c plane. The temperature dependence of peak
intensity of the ~1/2 0 1/2!, shown in Fig. 3, indicates the
Ne´el temperature as 6.5 K.
The previous 161Dy Mo¨ssbauer spectroscopy and high
field magnetization measurements3 exhibited that the mag-
netic hyperfine field at Dy nuclei increases in spite of the
decrease of the magnetization at 15 T as x increases. This
anomalous phenomenon has been expected by the local CEF
FIG. 3. Temperature dependence of the peak intensity of the ~1/2 0 1/2!
reflection. The solid lines are guides to the eye.
TABLE I. Observed and calculated integrated intensities of
Dy~Cu0.94Ni0.06!2Si2 at 1.4 K and Dy~Cu0.9Ni0.1!2Si2 at 1.5 K, and calculated
scattering angles of Bragg reflections of Dy~Cu0.94Ni0.06!2Si2 at 1.4 K.
hkl
Dy~Cu0.94Ni0.06!2Si2 Dy~Cu0.5Ni0.1!2Si2
2ucalc Iobs Icalc Iobsa Icalc
1/2 0 1/2 13.6 11 494 11 494 8615 8615
1/2 0 3/2 19.8 4264 4557 1193 2215
1 0 1 27.7 4115 4115 4119 3586
1/2 0 5/2 28.8 2827 2280 3758 1578 1429 3245
1/2 1 1/2 29.5 1477 1815
1/2 1 3/2 32.8 1335 1641 698 1665
1 1 0 36.8 1155 959 1010 803
1/2 0 7/2 38.6 1048 476
1/2 1 5/2 39.1 2862 1282 3436 1975 879 2098
3/2 0 1/2 39.6 111 742
1 0 3 40.7 6764 8240 6755 7077
0 0 4 41.6 1797 2440 1274 2166
3/2 0 3/2 42.3 1801 984 1852 16 210 721 16 343
1 1 2 42.5 17 536 15 621Nashima et al.
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disturbance model. The ground state of Dy atoms depend
strongly on the number of substituted Ni atoms in the nearest
and next nearest 3d-metal sites which break the local tetrag-
onal symmetry, especially the Ni substitution in the nearest
neighbor Cu site bringing forth the increase of the Dy31
moment by the strong CEF effect. The tetragonal symmetry
breaking by the Ni substitution changes the magnetic single
ion anisotropy of Dy31, that is, the local disturbance of the
CEF results in a noncollinear arrangement of Dy magnetic
moments.
The present results reveal that in the Dy~Cu12xNix!2Si2
compounds, the Dy magnetic moments determined by the
FIG. 4. Neutron diffraction patterns of ~a! the ~1/2 0 1/2! peaks and ~b! the
~1/2 0 3/2! peaks of DyCu2Si2 at 1.6 K and Dy~Cu0.9Ni0.1!2Si2 at 1.5 K. The
solid lines are guides to the eye and the dotted lines are the background.J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
Downloaded¬18¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subjepowder neutron diffraction decrease as x increases. This fact
corresponds well to the decrease of magnetization as x in-
creases, since the moment value by the neutron diffraction is
obtained as an average in the neutron coherent length. There-
fore, the present result supports the local CEF disturbance
model proposed in the Mo¨ssbauer study.
A line broadening of the ~1/2 0 1/2! reflection of
Dy~Cu0.9Ni0.1!2Si2 as shown in Fig. 4~a! seems to be accom-
panied with a diffuse peak superposed on a normal Bragg
peak, whereas diffuse scattering was not clearly detected in
other reflections with present resolution and statistics as
shown in Fig 4~b!. The diffuse peak originates from the ran-
domness of the moment direction, that is, the periodic ar-
rangement of the Dy moments with k5~1/2,0,1/2! is partly
disturbed by the Ni substitution which give rise to the low-
ering the crystal field symmetry and the distributed magnetic
anisotropies. It is consequently considered that the observa-
tion of the diffuse peak is also evidence for the local CEF
disturbance model for the Ni substitution effect.
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